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SUMMARY

Bogdan

An extensiveinvestigationof the coolingcharacteristicsof
a nulticylinderliquid-cooledengineof 1650-cubic-inchdis@ace-
ment was conductedat the NACA Clevelandlaboratory.The results
of this investigationshowi~ the variationof the Gylinder-head
temperatureand the coolantheatrejectionwith the pertinent
engineand coolantvariablesare presented. Thesedata include
enginepoweroutputsup to 2000brakehorsepowerand wide ranges
of enginespeed,manifoldpressure,fuel-airratio,inlet-airtem-
perate, ignitiontiming,exhaustpressure,and coolantflow,
composition,temperature,and pressure. Runs were madewith
coolantflowsas low as 49 gallonsper minutein orderto investi-
gate the coolingcharacteristicsof this engineunderboiling
conditions.

All the cylindertemperaturedatapresentedand all of the
heat-rejectiondata,exceptthosefor whichboilingof the coolant
was most severe,were satisfactorilycorrelatedwith the primary
engineand coolantvariablesby means of the NACA correlation
method,which is basedon the theoryof heat transferby forced
convection.An exampleof the use of the correlationmethodfor
the prediction
is presented.
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performanceat extremeconditionsof operation.Consequently,a
researchprogramwas conductedat the NACA Clevelandlaboratoryin
1943to investigatethe coolingcharacteristicsof liquid-cooled
aircraftengines. The initialphaseof thisresearchprogram
consistedof an investigationconductedon two single-cylinder
enginesto providedatafor a fundamentalstudyof the heat-transfer
processesinvolved. Thesedata,whichisolatethe effectsof the
variousengineand coolantvariableson the cylinder-headtempera-
tures,are presented.in reference1. A semiempiricalmethodbased
on the theoryof heat transferby nonboilingforcedconvectionand
usedfor correlatingthe cylinder-temperaturedata of reference1
with the engineand coolantvariablesis presentedin reference2.

Concurrentwith the investigationon the single-cylinder
engines,the coolingcharacteristicsof a multicylinderengineof
1710-cubic-inchdisplacementwere investigatedoverwide rangesof
engineand coolantconditions.The resultsof this investigation
are reportedin reference3, whichpresentsthe variationof both
the cylindertemperaturesand coolantheatre~ectionwith the
primaryengineand coolantvariables.A correlationof the
cylinder-head-temperatureand coolimt-heat-rejectiondata of ref-
erence3 with the pertinentengineand coolantvariablesis pre-
sentedin reference4. The methodof correlationis basedon the
theoryof nonboilingforced-convectionheat transferand is similar
to that developedin reference2.

In orderto deterdne if the trendspresentedin reference3
are generallyapplicableto liquid-cooledmulticylinderaircraft
engines,a similar investigationof the coolingcharacteristicsof
an engineof 1650-ctabic-inchdisplacementwas conductedduring
2946and is reportedherein. The cylinder-headtemperaturesand.
the coolantheatrejectionwere detezmfnedfor poweroutputsup to
2000brakehorsepoweroverwide rangesof enginespeed,manifold
pressure,fuel-airratio,inlet-airtemperature,ignitiontiming,
efiaust pressure,and for variousconditionsof coolantflow,
composition,temperature,and pressure. Rums weremade for coolant
flowsas bras 49 gallonsper minutein orderto investigatethe
coolingcharacteristicsof this engineunder boilingcoolantcon-
ditions. The variationof the cylinder-headtemperaturesand the
coolantheat rejectionwith the engineand coolantvariablesis
presentedand a comparisonis made of the resultsof this inves-
tigationwith thoseof the investigationof the engineof 1710-
cubic-inchdisplacement(reference3). These cylinder-head-
temperatureand coolant-heat-rejectiondatawere correlatedby
meansof the NACA correlationmethod,whichis fullyillustrated
in reference4, and the finalresultsof the correlationare
presentedto aid in the applicationof the data. An exampleof
the use of the correlationmethodfor the predictionof cylinder-
head temperaturesand the coolantheat rejectionis also included.

‘
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An investigation

APPARATUS

Engines

was conductedon two standardproduction-model
PackardV-1650-7engines,which shallhereinafterbe designated
enginesA and B. The V-1650-7engineis a 12-cylinder,liquld-
cooledenginewith a bore of 5.4 inches,a strokeof 6.0 inches,
and a displacementof 1650 cubicinches. The compressionratio
is 6.0 and the engineis fittedwith a two-stagesupercharger
havingimpellerdiametersof 12.0and 10.1inches. The two impel-
lersare mountedon the sameshaftand canbe operateti,atspeeds
of either 5.802 or 7.349 ttiesthe enginespeed. A liquid-t~e
aftercooleris interposedbetweenthe superchargeroutletantithe
intakemanifold. The valveoverlapextendsovera periodof time
equivalentto 430 rotationof the cmnlcshat%.The ignitiontiming
is controlledby the throttzepositionand.variesfrom 29° B.T.C.
for full-closedthrottleto approximately45° B.T.C.for from
half-to full-openthrottle. Both the intakeand exhaustspark
plugsare ttiedto fire simultaneously.For the variable-ignition-
timingruns,the spark-controllinkagewas disconnectedfrom the
throttleand operated.by an indepetientcontrol.

GeneralEngineSetup

A photographof one of the enginesmounteclfor the cooling
investigationis shownin figure1.

Powermeasurement.- The enginesweremountedon a dynamometer
standequippedwith a 3000-horsepower,water-gap,eddy-current
@namometer. The enginespeedwas electronicallycontrolledand
measured,by a chronometrictachometer.The torquetransmittedto
the dynamometerwas measuredwith a Calibratedair-balanced
diaphragm.

Combustion-airsystem.- Combustionair was suppliedto the
engineby the laboratorycentral-supplysystemand was metered
with unadjustableorificeinstalledin the supplyduct. The tem-
peratureof the air was regulatedbypassing it througheithera
heateror a refrigeratorunit in the supplyline;the air was
cleanedby meansof a filterunit installedin the line downstream
of the orifice. thermocouplesand pressuretapswere installed
at the orificesad at the carburetorinletto measurethe temper-
atureand the pressureof the air at theselocations.

.
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3imEnasti3ystem. - The engineexhaustgases
means of’the laboratorycentralexhaustsystam,
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were removedby
whichalso provided

the desirede-ust pressures.Water-jacketed.-e-ust stat-ksthat
had stackopeningsequalin area to the etiuat port openingswere
usedfor the investigation.The stackswere connectedto a 10-inch-
diameterheaderin whichwall tapswere installedfor the nwasure-
ment of the etiust-gasback pressure.

En@ne coolantsystem.- A Magammatic sketchof the engine
coolantsystemis shownin figure2. Anauxiliarypump installed
in serieswith the enginepmp permittedthe coolantflow to be
vatiedindependentlyof the enginespeed. The coolantflow was
measuredwith a venturi. A throttlevalveinstalleddownstreamof
the venturiwas usedto tnoreasethe venturi-throatpressuresuffi-
cientlyto preventcavitationduringoperationat high coolantflows
and low coolantpressures. Centrifugal-typevaporseparatorswere
installedin the anginecoolant-outletlinesto removeair or any
vaporthatresultedfrom boilingof the coolant. Vent lineswere
run framboth the vaporseparatorsand the Mock outletsto an
expansiontank. Sightglasseswere installedin both setsof vent
Mnes to permitvlaualobservationof the coolantcondition.A
compressed-airand bleed-linecombinationon the coolantexpansion
tankpermittedregulationof the e-ion-tank pressure.

The coolanttemperature-controltit consisted of two aircraft-
type coolersand an air-operated,thermostaticallycontrolled
three-waymixingvalvelnstalledatthe junctionof a main line
from and a bypass line aroundthe coolers. Waterwas used to cool
the enginecoolantsolutionsand the flowwas measuredwith cali-
bratedrotameters.Thermocouplesand pressuretapswure installed
at the locationsindicatedin figure2.

The coolantflowpath throughthe cylinderbank is schemati-
callyshownin figures3 and 4. The coolantis distributedto
the s~%barrelsof each cylinderbankby meansof an external
coolantbranchtube. This coolantbranchtube,which is connected ‘
to the dischargeof the ~ine coolantpump,has threeoutlets,
eachsuppQing coolantto two adjacentcylinderbarrels. After
enteringthe bamels, the coolantflowsarotuileach cylinderbarrel
and up intothe cyltnderheadsthroughthe 14 connectortubes.
The coolantthen~sses overthe cylinderheadsand is discharged
througha singleoutletat the forwarded of the cylinderbank.
It maybe seenfromfigure4 that the flow over each cylinderhead
is equalto the totalof all the flowsthroughthe connectortubes
upstreamof the cylinderhead in question.
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For convenientidentification,the manufacturer~sdesignation
of the banksand.cylindersis used in thisreport. Thus,when
facingthe rear of the enginethe right-handbank is calledbank A
and the left-handhank is calledbank B. The cylindersof each
bank are numberedfrom 1 to 6 startingat the frontof the engine.

&bricatirig-oilsystem.- A diagrammaticsketchof the oil
systemis shownin figure5. A remoteindicatingoil-leveland
oil-flowdevice,whichis described.in reference5, was incorporated
in the oil reservoirtank. The oil temperature-controlunitwas
similarto that used in the enginecoolantsystem. Thermocouples
and pressuretapswere installedat the locationsindicatedon the
diagram.

Aftercoolercoolantsystem.- Figure6 is a schematicdiagram
of the aftercoolercoolantsystem. In additionto passingthrough
the aftercoolerunit,the aftercoolercoolantalso passedthrough
a coolingjacketthat surroundsthe two-stagesupercharger.An
expansiontank was incorporatedin the housingof the aftercooler
unitand a reliefvalvesetfor a pressureof 20 poundsper square
inchgage was mountedon the tank. The aftercoolercoolantflow
was regulatedby means of a throttlevalveand meteredwith a
calibratedventuri. The aftercooler-coolanttemperature-control
unit.wassimilarto that used in the coolantand oil systems.
Thermocouplesand pressuretapswere locatedat the positions
indicatedon the diagram.

Coolants,fuel,and oil. - Waterand severalaqueoussolutions
of ethyleneglycolwere usedas the coolmts in the enginecoolant
system. A mixtureof 30-percentethyleneglycoland 70-percent
waterwas usedas the coolant in the aftercoolercoo~nt systemo
In orderto inhibitcorrosion,0.2 percentby volumeof sodiun
mercaptobenzothiazole(NaM8T)was addedto all coolants.

The fuelAN-F-28,Amendment-2,was meteredby calibrated
rotameters.For knock-freeengineoperationat high power,3 percent
by volumeof xylidineswas addedto the fuel;the tetraethyl-lead
concentrationwas increasedto 6 millilitersper gallon. The
lubricatingoil used throughoutthe investigationwas Navy 1120.
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Thermocouplehstallation

.

.

Thermocouplesfor engine-temperaturemeasurement.- The
cylinder-headthermocoupleinstallationis shownin figure7.
Thezznocoupleswere inst=lledon each cylinderin the c~linderhead
betweenthe etiaustvalves,betweenthe intakevalves,and in the
centerof the head. The thermocoupleholesin the cylinderheads
were drilledwith the aid of’Jigsto insureuniformityand accuracy
of location. The cylinder-headthermocoupleswere silver-soldered
intobrassplugs,whichwere peenedintothe bottomof the drilled
holes. The leadsinsidethe enginewere packedin porcelaincement
and encasedin stainless-steeltubing. The leadsoutsidethe
enginewere insulatedwith flexibleglasssleevesand protected
with ignition-typeshieldtng.The temperatureswere read on a
self-balancingdirect-readingpotentiometerand recordedon a
self-balancingrecordingpotentiometer.

The inlet-manifoldtemperaturewas measuredwith a single
unshieldediron-constantanthermocouplelocatedapproximately
10 inchesdownstreamof the aftercooleroutlet.

Thermocouplesfor liquid-temperaturemeasurement.- TWO tyyes
of thermocouple,iron-constantanand copper-constantan,were
installedin the engine-coolant,aftercooler-coolant,lubricating-
oil,and cooling-waterIinqsat the locationsshownin figures2,
5, and 6. The iron-constantanthermocouplesmre connectedto both
a self-balancingdirect-readingpotentiometerand a self-balancing
recordingpotentiometer.The copper-constantanthermocouples,which
were usedfor an accuratedeterminationof the temperaturediffer-
encesacrossthe engineand coolers,were connectedto a portable
precision-typepotentiometerand ba.lancewas indicatedona li@&
beam galvanometers.

PROCEDURE

Conditions

Cylindertemperaturesand coolant
determinedfor the followingrangesof

heat rejectionswere
conditions:

.

.

.
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Enginepower,bh_p. . . . . . . . . . .
Enginespeed,,ram . . . . . . . . . . .
Mamifoldpressure,in. Hg absolute . .
Chargeflow (air‘plusfuel),lb/see. .
Fuel-airratio . . . . . . . . . . . .
Carburetor-airtemperature,OF . . . .
Ignitiontiming,deg B.T.C. . . . . . .
Exhaustpressure,in.Hg absolute. . .
Coolantflow,gal/zuin. . . . . . . . .
Averagecoolanttemperature,% . . . .
Coolant-outletpressure,lb/sqin. gage

● **a*** ● * 560-2000
● ****** ● * 1800-3200
● ***** ● **** 31-78
● ***** ● ** 1.43-4.30
● ****** ● 0.059-0.115
.***** ● .* -57-198
.**”*** ● *9.* 20-52
● *.*** ● *O** 8-61
. ...** ..*. 49-253
● ***** ● *@* 168-278
● ***** 9**** 20-45

Aqueousethylene-glycolsolutionscontaining0, 30, and 70 per-
centby volumeof ethyleneglycolwere usedas coolants. In order
to isolatethe effectof the variousengineahd coolantvariables
on the cylindertemperaturesand coolantheat rejection,one of
thesepareneterswas varied.while,in general,the rest were held
constant. No standardset of referenceconditionshowever,was
maintained.A completesummaryof the e~erimentalconditionsis
presentedin tableI.

The chargeflow (airplusfuel)ratherthan the brakehorse-
powerwas held constantfor all the testsin whichone of the other
engineparametersor one of the coolantparameterswas varied. For
the variable-engine-speedand variable-eihaust-pressureruns,the
chargeflowwas maintainedconstantby varyingthe manifoldpres-
sure. For the variable-charge-flcwruns,the enginespeedwas held
constantwhile the manifold.pressurewas varied. The inlet-
manifoldtemperature was maintainedat the desiredvaluesindicated
in tableI by varyingthe aftercooler-coolanttemperature.

For the entireinvestigation,the carburetor-inletpressure
was maintainedat 1 atmosphere,the enginesuperchargerwas operated
in the lowerof the two gearratios,and the oil-inlettemperature

.was 1720*4° F. For all of the runs exceptthosein which ignition
timingwas the primaryvariable,the ignitiontimingwas approximately
constantat 45° to 46° B.T.C. For all the testsin which the engine
parameterswere varied,the coolantcompositionwas 30-percentethylene
glycoland 70-percentwater,the averagecoolanttemperaturewas main-
tainedat 240°F, the coolant-outletpressureat 35 poundsper square
inchgage,and the coolantflow at 201 to 205 gallonsper minute
with the exceptionof the variable-ignition-timingrunsfor which
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the coolantflowwas 167 gallonsper miqute. (Forcurrentflight
installations,the coolantflow at an enginespeedof 3000rpm
wouldprobablybe not lessthan 170 or more than 210 gal/rein.)

The coolantflowwas variedat severalenginepowersfor
severalcanbinationsof coolanttemperature,pressure,and compo-
sition. The highestcoolantflow attainablein each casewas
ltiitedeitherby the cavitationcharacteristicsof the pumpsat
low coolantpressureorbythe capacitiesof the pumpsat high
coolantpressure. The lowestcoolantflowwas Hmiteilby severe
boilingof the coolantin the engine. Dependingupon the type of
test conducted,eitherthe averageor the outlettemperatureof
the coolantwas held constant. The desiredcoolant-outletpres-
suresweremaintainedby regulatingthe coolantexpansion-tank
pressure.

The ethylene-glycolconcentrationof the coolantwas deter-
minedfrom the specificgravityof samplestakenat intervals
throughoutthe investigation.

Calculations

Temperatureaverages.- The averagetemperaturefor each
thermocouplelocationh the cylinderswas determinedby averaging
the tempemturesmeasuredat that locationin all 12 cylinders.
The averagecoolanttemperaturewas takenas the curlthmeticmean
of the measuredinletand outlettemperatures.

Heat rejectedto coolant.- The heat rejectedto the coolant
was determinedby twomethods: (1)from the measuredtemperate
riseand coolantflti throughthe engine;and (2)from the measured
temperaturerise and flow of the coolantcoolingwater. The heat
rejectedto the enginecoolantis presentedon the basis of method (2)
becauseat low flowswhen largeamountsof vaporwere formed
method (1)wouldnot includethe heat of vaporization,and at high
flowsdifficultywas experiencedinaccuratelymeasuringthesmall
temperatureriseof the coolantincurredin passingthroughthe
engine. The maximumdifferencebetweenthe heat rejectionsas
ttetenMnedby eachof the two methods,however,was not more than
10 percent. The externalheat lossfrom the coolantpipingand
expansiontankwas esttitetito be lessthan 2 percentof the
coolantheat re~ection.The datawere not correctedfor this loss.

.
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RESULTSAND DISCUSSION

The variationof the cylinder-headtemperatureand the coolant
heat rejectionwith the basicengineand coolantparameterswas,
in some cases,obtainedfor onlya singleset of operatingcondi-
tions. It is believed,however,that the variationsshownare
generalinasmuchas the more comprehensiveinvestigationof refer-
ence3 indicatedthat the trendsof cylindertem~emturesor heat
rejectionwith primaryengineand coolantvariableswere the same

- for severaloperatingconditions.

Part of this investigationwas conductedwith engineA and
partwith engineB; thereforeall the variablesconsideredwere
not investigatedon a singleengine. A comparisonofdatafrom
each engineat similaropemting conditionsshowed,however,that
the trendsand the ma~itudes Of both the cylinder temperatures
and heat rejectionwere the s=e for both engines.

.

RelationsAmongCylinderTemperatures

The relationbetweenthe averagetemperaturein the centerof
the cylinderhead and the averagetemperaturein the cylinderhead
betweenthe efiaustvalvesis shownin figure8 for all the data
for both enginesat the variousoperatingconditions.A linear
relationexistsbetweenthesetemperaturesand the scatterof the
tits is within +350)?. The averagetemperaturein the centerof
the head was from 500 to 70°F lowerthan the averagetemperature
in ttlecylinderhead betweenthe etiaustvalves.

The variationof the averagetemperaturein the cylinderhead
betweenthe intakevalveswith the averagetemperaturein the
cylinderhead betweenthe exhaustvalvesis presentedin figure9
for engineA at threevaluesof enginerunningtime. A separate
straightlinefits the datafor eachrunningtimeand the slope
of the lines is the same. The effectof enginerunningtime on
the cylindertempe=turesis subsequentlydiscussedin connection
with anotherfigure. The mean scatterof the datais about+5° F
and the averagetemperaturein the cylinderhead betweenthe intake
valves~ed from about45° to 70°F lowerthan thatbetweenthe
etiaustvalvesat an enginerunningtime of 15 hours,and about
100oto 11OoF lowerat an enginerunningtime of 95 hours.

As a resultof the linearrelationexistingbetweenthe tem-
peraturesin the variouslocationsin the cylinderheads,the
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variationof only one of
variables is presented.
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themwith the primaryengineand coolant
The averagecylinder-headtemperature

betweenthe efiaustvalveshas been chosenfor thispurposebecause
it was the highestaveragetemperaturemeasuredand is therefore
most indicativeof criticalcoolingconditions.

The relationbetweenthe averagetempemture of the 12 cyl-
indersin the head betweenthe etiaustvalvesand the temperature
of the hottestcylinder(maximum]measuredfor the same location
is presented.in figure10 for all the data. For the conditions
investigated,themaximumtemperaturegenerallyoccurredon cyl-
inderA6 and occasionallyon cylindersB6 and A5. A linearvaria-
tion is notedfor both enginesfor the entirerangeof tempe=tures
measuredand the mean scatterof the data is about+15° F. The
maximumtem~eraturerangedfrom 30° to 60°?3higherthan the aver-
age temperature;the differenceincreasedwith the magnitude
of the tem~erature.A linearvariationwas also obtainedbetween
themaximumand a’veragetemperaturesfor the otherthermocouple
locations.

The variationof the avemge cylinder-headtemperatureswith
enginerunningtime is presentedin figure11. The data pre-
sentedwere obtainedat a referenceoperatingconditionfrom time
to timeduringthe courseof the runs on engineA. The coolant
usedfor thisreferenceoperatingconditionwas composedof
30-percentethyleneglycoland 70-percentwater. Coolantsof
othercompositionswere used,however,betweenthe runs at the
referenceoperatingcondition.For an increasein enginerunning
timefrom 15 to 115ho~s, both the averagetemperaturesin the
cylinderheadbetweenthe efiaustvalvesand in the centerof the
head increasedabout45°F, whereasthe temperaturebetweenthe
intakevalvesremainedapproximatelyconstant. A closeinspection
of the coolantpassagesin a scrappedcylinderheadrevealedscale
depositsin the exhaustsideand in the-centerof the head but
none in the intakeside. The increaseof the temperaturesin the
exhaust sideand in the centerof the cylinderheadare attributed
to thesescaledeposits. The effectof enginerunningtimenoted
in figure9 is the resultof this increasein the temperatureof
the cylinderheedbetweenthe exhaustvalvesand the constancyof
the temperaturebetweenthe intakevalveswith engineruiningtime.

The datapresentedin the succeeding figuresare not corrected
for the effectof enginerunningtime so that temperaturesobtained
for the sameoperatingconditionsbut at differentrunningtimes
will not alwaysbe the same. The variationspresentedin each
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figurewerenot greatlyinfluencedby enginervrrnin.gtime,however,
because,as indicatedin tableI, all runs of aseries were com-
pletedwithin.a relativelyshortintervalof ttie.

Effectof EngineVariableson AverageCylinder-Head

TemperatureBet~een~aust Valves

Chargeflow and enginepower.- The variationof the averaSe
cylinder-headtemperaturebetweenthe exhaustvalves Th with
chargeflow is presentedin figure12. The cylinder-headtemper-
atureincreasedlinearlywiithchargeflow throughoutthe range
investigatedand, for an increase in chargeflow of 0.5 poundper
second.,an increaseof approximately250 F in Th occurred.

In orderto pezmita determinationof the variationof the
cylinder-headtempemturewith enginepower,a secondaryscale
of hake horsepoweris includedin figure12. This scaleof power
is applicableonlyfor the enginespeedof 3000rpm at which the
runsweremade.

Inlet-manifoldtemperature.- The effectof measuredinlet-
manifoldtemperatureon ~ is presentedin figure13 for both
variablecar%retor-airte~perat-meand variableenginespeed
(constantchargeflow). The increasein inlet-manifoldtempera-
turewith an increasein enginespeedis the resultof an increase
in the temperaturerise acrossthe supercharger.For both sets
of data,the increasein Th with inlet-manifoldtemperaturewas
the sameqnd amountedto about 90 F for an increaseof 100°F in
inlet-manifoldtemperature.

Fuel-airratio.- The effectof fuel-airratioon Th is
presentedin figure140 A maximumvalueof Th occurred at a
fuel-airratioof 0.067,which is approximatelyequalto thatfor
the chemicallycorrectmixture. For an increasein fuel-airratio
from 0.067to 0.115, Th decreasedapproximately70°F.

. Ignition timiw. - The variationof Th with ignitiontiming
for threevaluesof enginespeedis shownin figure15. For all
threeenginespeedsinvestig~ted.,an increasein the i$nition
timingfrom 200 to 360 B.T.C.resulted in negligiblechangein Th;
furtherincreasein ignitiontimingto 520 B.T.C.resultedinan
increasein the averagecylinder-headtemperatureof about 10°l?.

.
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FIEhaustpressure.- The variationof Th with eZbaustpres-
for variousfuel-airratiosand.for enginespeedsof 2400and
rpm is presentedin figure16. For comparablefuel-air

rati.os~the effectof exhaustpressurei.sslightlygreaterat
3000 thanat 2400rp and for each speedit is slightlygreater
at the leanerfuel-airratios. The increasein Th for an
increasein etiaustpressurefrom 8 to 60 inchesof mercuryabso-
luterangedfrom about45°F at an enginespeedof 2400rpm and
a fuel-airratioof 0.095to about?OOF at an enginespeedof
3000rpm and a fuel-airratioof 0.067.

Effectof CoolantVariableson AverageCylinder-Head

TemperatureBetweenExhaustValves

Coolant composition.- The averagecylinder-headtemperature
betweenthe exhaustvalvesfor aqueousethyleneglycolcoolant
mixturescontainingO-, 30-,and 70-percentethyleneglycolis
presented@ figure17 for a rangeof coolantflows. Thesedata
were obtainedfor constantaveragecoolanttemperatureand non-
boilingcoolantconditions.The conditionof the coolantwith
respectto boilingand nonboilingwas detemined by observation
of the coolantin the sightglasses. l?orall conditions,an
increasein the ethylene-glycolconcentrationof the coolant
resultedin an increasein Th. A comparisonof the VdUeS of
~ obtainedwhen using100-percentwateras the coolant with
thoseobtainedwhen usingthe othercoolantsshowsa difference
of about15°F at all coolantflowsfor the coolantcontaining
30-percentethyleneglycoland differencesof about33° F at a
coolantflow of 250 gallonsper minuteand about47°F at a
codilantflow of 50 gallonsper minutefor the coolantcontaining
70-percentethyleneglycol. It is shownin reference3 thatboil-
ing of the coolantdid not appreciablyalterthe relativeeffect
of coolantcompositionfrom thatobtainedfor nonboi.lingcoolant
conditions.

Coolantflow.- The effeCtSof COOknt flowon Th are illus-
tratedinfigure 17 for constantaveragecoolanttemperate and
nonboilingcoolantconditions,and in figure18 for two constant
coolant-outlettemperaturesand boilingcoolantconditions.b
general,the effectof coolantflowwas lessfor the data shownin
figure18 thanfor that shownin figure17. This lessereffectof
coolamtflow (fig.18) is probablythe result of a decreasein the
averagecoolanttemperatureand an increasein the intensityof
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boilingas the coolantflowwas reduced(reference3). For the data
of figure18, the rate of increaseof Th with decreasedcoolantflow
was greaterat the low coolantpressuresand low coolantflows. This
greaterrate of increaseas the coolantflow is reducedis attributed
to a transitionfromnuclearto film-typeboilingwhereinlarge
amountsof insulatingvaporare formedresultingin reducedheat
transferand increasedcylinder-headtemperatures.For constantaver-
age coolanttemperatureand nonboilingcoolantconditions(fig.17),
the effectof coolantflowwas slightlygreaterwith the coolant
containingthe greatestpercentageof ethyleneglycol (the70-percent-
glycolcoolantmixture)thanwith eitherthe 30-percent-glycolmix-
tureor 100-percentwater. Thus,it is apparentfrom the foregoing
considerationsthat the effeotof ooolantflow on Th is dependent
upon the operatingconditions.For example,a decreasein the
coolantflow from 200 to 50 gallonsper minuteresulted in an
increasein ~ rangingfrom practicallyzerofor the high-pressure,
high-coolant-temperaturedata of figure18 to about250F for the
70-percent-glycolcoolantmixturedata of figure17. In refer-
ence3 it was foundthatthe effectof coolantflow for the condi-
tionsof constantaveragecoolanttemperatureand boilingof the
coolant,and constantcoolant-outlettemperatureand no boilingof
the coolantwas lessthan thatfor the coolantconditionsof fig-
ure 17 and greaterthan thatfor the coolantconditionsof
figure18.

Coolant-outletpressure.- The decreasein Th with decrease
in coolant-outletpressure,which is illust~ted in figure18,
becameslightlygreateras the coolantflow was reducedfrom 200
to 100 gallonsper minute. Furtherreductionto a coolantflow of
50 gallonsper minuteresultedin a decreasingeffectof coolant
pressureand in someinstancesa reversalof the effectpreviously
noted..The maximumincreasein Th for en increasein coolant-
outletpressureof 20 poundsyer squareinchwas about15°F. For
all conditions,the decreasein Th with a decreasein coolant
pressureis attributedto an increasein the localizednuclear
boilingof the coolant,whichresultedin an increasein the heat-
transfercoefficienton the liquidside. The increasein Th with
a decreasein coolantpressurenotedat the low coolantflows is
probablythe resultof a transitionfrom nuclearto film-t~e boil-
ing whereinlargeamountsof insulatingvaporare formedand result
in a decreasein the heat-transfercoefficienton the liquidside.

Averagecoolanttemperature.- The effectof.averagecoolant
temperatureon Th for nonboilingcoolantmixturescontaining

.

.



14 NACATN 2069

30- and 70-percentethyleneglycolis shown
of thesecoolants,the variationwas linear
increaseof shout-600
ture of 100° F.

EX’feetof Engine

F for an increase

Variableson Heat

in figure19. For both
and amounted to an

in averagecoolanttempera-

Rejectionto Coolant

Chargeflow and enginepower.- The variationof the coolant
heat re#ectionwith chargeflow is presentedin fimre 20, which
includesa secondaryscaieof brake-horsepower.A; did the head tem-
perature}the heat rejectionincreasedlinearlywith chargeflow.
For an increasein chargeflow of 0.5 poundper second,the coolant
heat rejectionincreasedapproximately40 Btu per second.

hlet-manifold temperature.- The effectof measured.inlet-
mantfoldtemperatureon the coolantheat re~ectionis presentedin
figure21 for both variablecarburetor-airtemperatureand variable
@@ne speed(constantchargeflow). For both setsof data,the
increasein the coolantheat rejectionamountedto.about20 Btu
per secondfor an increaseof 100°F in inlet-manifoldtemperature.

Fuel-airratio.- The effectof fuel-airratioon the coolant
heat rejecttonis presentedin figure22. As for the Correspofing

cylinder-head-temperaturedata,a maximumvalueoccurredat a fuel-
air ratioof 0.067. For an increasein fuel-alrratiofrom 0.067
to 0“.115,the coolantheat rejectiondecreasedabout80 Btu per
second.

I@ tiontiming. - The variationof the coolantheat rejection
with ignitiontimingfor threevaluesof enginespeedis presented
in figure23. For all threeenginespeeds,an increasein the
igniticntimingfrom20° to 36° B.T.C.resultedin a negligible
changein the coolantheat rejection;furtherincreaseto 52° B.T.C.
resultedin an increasein the coolant
12 Btu per second.

Exhaustpressure.- The variation
tiontwtthetiaustpressurefor various

heatrejectionof about

of the coolantheat reJec-
fuel-airratiosand for engine

speedsof 2400and 3000rpm is presentedin figure24. As for th~
cylinder-headtemperatures,the effectof eihaustpressureis
slightlygreaterat 3000 thanat 2400rpm for comparablefuel-air
ratiosand for each speedit is greaterat the leanerfuel-air
ratios. The increasein the coolantheat rejectionfor an increase
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in exhaustpressurefrom 8 to 60 inchesof mercuryabsoluteranged
from about55 Btu per secondat an enginespeedof 2400rpm and a
fuel-airratioof 0.095to about90 Btuper secondat an engine
speedof 3000rpn and a fuel-airratioof 0.067.

Enginerunniw time.- No measurablechangein the heat
rejectionto the coolantoccurredwith enginerunningtime. Although
scallmgof the coolantpassagesprobablywoulddecreasethe heat
rejections,the magnitudeof the changewas less than couldbe
detectedwithinthe normalaccuracyof the data. It wouldalsobe
expectedthat the heat rejectionswouldbe affectedless thanthe
head temperatures,becausethe scaleformationoccurredon only
part of the coolantpassagesin the cylinderhead.

lMfectof CoolantV’iables on CoolantHeat Rejection

Coolantcomposition.- A comparisonof the coolantheat rejec-
tionsobtaineriwhen usingthe aqueousethylene-glycolcoolantmix-
turescontainingO-, 30-,and 70-percentethyleneglycolis pre-
sented in figure25 for a rangeof coolantflows. !i’hesedatawere
obtainedfor constantaveragecoolanttemperatureand nonboiling
coolantconditions.I!’orthe entireflow rangeinvestigated,the
coolantheat rejectionwas about5 Btu per secondlower for the
30-percentglycolmixtureand about11 Btu per secondlowerfor the
70-percentglycolmixture than that for water.

Coolantflow. - The effectsof coolantflow on the coolant
heat rejectionare illustratedin figure25 for constantaverage
coolanttemperatureand nonboilingcoolantconditionsand in fig-
ure 26 for two coolant-outlettem~raturesand boilingcoolant
conditions.The effectof coolantflow was the samefor the three
coolantsillustrated,(fig.25) when the average coolanttempem-
turewas held constantand when therewas no boilingof the coolant;
for a decreasein coolantflow from 200 to 50 gallonsper minute,
the heat rejectiondecreasedabout10 Btu per second. When the
coolant-outlettemperaturewas held constantand therewas boiling
of the coolant(fig.26), coolantflowhad no effecton the coolant
heat rejectionexceptat 2000 brakehorsepower,for whichthere
was a slightdecreaseof about7 Btu per secondfor a reductionin
coolantflow from 100 to 50 gallonsper minute. The constancyof
the coolantheat rejectionwith coolantflow for theseconditions
is a directreflectionof the constancyof the head temperature
with coolantflownotedfor figure18. The decreasein the coolant
heat rejectionat 2000brakehorsepowerfor a decreasein coolant
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flow from 100 to 50 gallonsper minuteis probablythe resultof a
greaterincreasein film-typeboilingat thispowerthanat the
otherpowers.

Coolant-outletpressure.- Althoughthe data of figure26 were
obtainedfor severalcoolant-outletpressures,the scatterwas such
thatno definitetrendsof coolantheat rejectionwith coolant-
outletpressurecouldbe determined.

Average coolanttemperature.- The variation of the coolant
heatrejectionwith averagecoolanttemperaturefor coolantmix-
turescontaining30- and 70-percentethyleneglycolis presented
in figure27. For both of thesecoolants,the variationwas linear
and amountedto a decreaseof about50 Btu per secondfor an
increasein.averagecoolanttemperatureof 100oF.

Comparisonof Enginesof 1650-and 1710-Cubic-Inch

Dis@acament

In general,the enginevariableshad a slightlygreatereffect
on both the averagecylinder-headtemperaturebetweenthe exhaust
valvesand the heat rejectedto the coolantfor the 1650-cubic-inch-
displacementenginethanfor the 1710-cubic-inch-displacementengine
of reference3. The effectof coolantvariableson both the
cylinder-headtemperatureand the coolantheat rejectionwas similar
for both enginesexceptthat for an increasein averagecoolanttem-
peratureof 100°F the increasein cylinder-headtemperaturewas
about60°F for the 1650engineas comparedwith 85° F for the
1710engine. For comparableengineand coolantconditions,the
averagecylinder-headtemperaturebetweenthe exhaustvalvesfor
the 1650enginewas fromabout30° to 40° F higherthanthatfor
the 1710 engineand the coolantheatrejectionswere approximately
the same.

Correlationof Cylinder-HeadTempera4nares

All the cylinder-head-temperaturedatawere satisfactorily
correlatedwith the pr3maryengined coolantvariables,and the
finalresultsare presentedhereinto aid in applicationof the
data. The NACA correl.ationmethod,which is developeain refer-
ence2 and is basedon the theoryof heat transferby forcedcon-
vection,was applieain a mannersimilarto thatpresentedin
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.
reference4 for the multicylinderliquld-cooledengineof 1710-cubic-
inchdisplacement.The resultingcorrelationplot is presentedin
figure28 and all the datapointsfallwithinthe dashedlines,
whichrepresenta variationof +20° F. The equationof this
straight-linecurve,which is the correlationequationthatrelates
all the pertinentvariables,is

where Tg is the cylinder-gastemperatureeffectivein the transfer
of heat frcimthe cylinder gasesto the insideof the cylinderwall,
and is considereda functionof fuel-airratio,inlet-manifoldtem-
perature,etiaustpressure,and ignitiontiming. The constants@the

“

exponentsin the equationwere
to thatpresentedin reference
tion (1)and othersto be used

H

k

N

B

● Tc

‘g

%

Tz

%1

Wc

Wz

z

coolantheat rejection$

thermalconductivityof

enginespeed,rpm

evaluatedby a dataanalysissimilar
4* The remainingsymbolsin equa-
subsequentlyare definedas follows:

(Btu)/(see)

coolant, (3tu)/(sec)(sqft)(OF/ft)

Prandtl numberof coolant, c~/k

charge-airtemperatureat carburetortilet,(OF)

effectivecylinder-gastemperature,(°F)

averagecylinder-headtemperaturebetweene~ust valves,
(%’) “

averagecoolantte.mperat~e$(~)

dry M1.et-manifoldtemperature(calculated),(°F)

enginechargeflow (airplusfuel), (lb)/(see)

coolantflow, (lb)/(see)

factorthataccountsfor temperaturedrop throughcylinder
head
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P absolute viscosity of coolant, (lb)/(ft)(sec)

ATaft temperaturedroy throughaftercooler,(%?)

AT~ temperatureriseacrossSupercharger,(%)

The variationof Tg with fuel-airratiofor a rangeof exhaust
yressuresand for a dry inlet-manifoldtemperatureof 80° F is pre-
sentedin figure29. For the rangecoveredby the variable-ignition-
timingdevice(29°to 450 B.T.C.)on the enginesused,ignition
timingwas foundto havea negligibleeffecton Tg and thusno
correctionfor thisparameteris required. Conection of Tg to a
dry inlet-manifold.temperatureotherthan 80°F is made according
to the relation

ATg = 0.35 (Tm- 80) (2)

where Tm is definedas the air temperatureat the carburetor
inletplus the temperaturerise of the air incurredin passing
throughthe superchargers(assumingno fuel vaporization]minus the
temperaturedrop of the chargemixtureincurredin passingthrough
theaftercooler(asmaybe detemined from the heat rejectedto the
aftercoolercoolant)and maybe written

Tm = Tc + ATS - AT~t

For the two-speed.two-stagesuperchargeron the
this investigation,the temperaturerise across
definedby the followingrelations:

Low-bloweroperation,

ATs =

and high-bloweroperation,

As for the multicylinder
the Z factorincreasedwith

N2()25*~7Tim

()
2

40.38 &

(3)

enginesused in
the superchargeris

(4)

(5)

liquid-cooledengineof reference4,
initialenginerunningtime. This

increase,whichwas attributedto a prog~essivesca~e buildupin
the coolantpassages,is shownin figure30. Extrapolationof
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the curvebeyondan enginerunningtime of120 hourswas made using
the shapeof the correspondingcurveof reference4 as a guide.
This extrapolationindicatesthatfor enginerumningtimesgreater
thanabout120 hoursa constantvalueof Z equalto 0.22maybe
used.

In order to facilitatethe computationof head temperatures
by means of the correlationequation,valuesof the coolant-property

0.36/kpr0.33 are presentedin figure’31for variousparameter p
coolantmixturesof ethyleneglycoland waterovera rangeof coolant
temperatures.

Correlationof CoolantHeatReJection

All of the coolant-heat-re~ectiondata exceptthosefor which
boilingof the coolantwas most severe(allrunsat 2000bhp)were
satisfactorilycorrelatedwith the primaryengineand coolant
variablesand the finalresultsare presentedto aid in application
of thesedata. The NACA correlationmethodwas applied,in a
mannersimilarto thatpresentedin reference4 for the multi-
cylinderliquid-cooledengineof 1710-cubic-inchdisplacement.The
resultingcorrelationplot is presentedin figure32 and all the
datapointsfallwithin*5 percentof
determinedby the straight-linecurve
equationof this straight-linecurve,
tinentvariables,is

the coolantheat rejection
throughthe datapoints. The
whichrelatesall the per-

The constantsand the exponentsin this
dataanalysissimilarto thatpresented
correlation,the Z factoris a constant
value0.32in equation(6).

equationwere evaluatedby a
in reference4. For this
and is representedby the

The variationof effectiveexhaust-gastemperatureTg for the
heat-re~ectioncorrelationwith fuel-airratiofor a rangeof exhaust
pressuresand for a dry inlet-manifoldtemperatureof 80° F is
presentedin figure33. For the sameoperatingconditions,the value
of Tg is considerablylowerthan the valueof Tg for the
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head-temperaturecorrelation(fig.29). A lowervalueof Tg for
the heat-re~ectioncorrelationwouldbe expectedbecauseit represents
the effectivevaluefor the heat-transferprocessesin the entire
cylinder,includingthe contributionof heat from the cylinderbarrel,
whereasfor the head-temperaturecorrelationonlythe processesin the
hot regionof the cylinderhead are involved.

As in the head-tmperaturecorrelation,ignitiontim& was
foundto have amegligibleeffecton Tg over the range coveredby
the vartable-igniticn-ttiingdeviceon the enginesused,and thus
no correctionfor thisparameteris required. Correctionof !l!g
to a dry inlet-manifold.temperatureotherthan 80°F is made with
equations(2), (3),and (4)or (5).

In orderto facilitatethe computaticmof the coolantheat
rejectionby means of the correlationeqmtion, valuesof the

coolant-propertyparameter w0.2~/kprO*38 are presentedin fig-
ure 34
overa

,.

for variouscoolantmixturesof ethyleneglycoland wate~
rangeof coolanttemperature.

lEmmpleof CorrelationMethod

In orderto illustratethe use of the correlationequations,
the followingexampleis presented.

The maximumcylinder-headtemperaturebetweenthe exhaust
valvesand the coolantheatrejectionare to be determinesfor the
followingconditions:

Charge(airplusfuel)flow}lb/see. . . . . . . . . . . . . 2.50
Er3ginespeed,rpm. <. . . . . . . . . . . . . . . . . . . . 3000
Fuel-airratio . . . . . . . . . . . . . . . . . . .0 . . .0.085
Carburetor-airtemperature,c?ll. . . . . . . . . . . . . . . . 80
Temperaturedrop throughaftercooler,%? . . . . . . . . . . . 60
Exhaustpressure,in. Eg absolute. . . . . . . . . . . . . . . 30
Coolantflaw,lb/sec...,. . . . . . . . . . . . . . . . .27.5
Averagecoolanttemperatur&,% . . . . . . . . . . . . . . ..240
Coolantcomposition,ethylenegl~col-water,percentby volume 30-70
Accumulatedenginerunningtime,hr . . . .*. . . . . . . over 120
Superchargergear ratio . . . . . . . . . . . . . . . . . . . . low

.
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The averagecylinder-headtemperature
equation(1)and the maxtiumcylinder-head

21

is first evaluated from
temperaturethen deter-

minedf’r~ ~eferenceto figure-10in the followingmanner:

The dry inlet-manifoldtemperatureis computedfrom the
Carburetor-airtemperature,the enginespeed,ana the temperature
drop throughthe aftercooler%ymeansof equation(3)

Tm = Tc + ATs - ATaft

N2
()

=Tc i-25.17 —
1000

- AT~t

()3000 2 -60
= 80 + 25”17 1000

= 246.5°F

In orderto detezminethe effectivecylinder-gastem~eratureTg$
a.valueof Tg for a fuel-airratioof 0.085,an exhaustpressure
of 30 inchesof mercuryabsolute,and a dry inlet-manifoldtempera-
ture of 80° F is firstdeterminedfrom figure29 to be 1118°F. The
correctionto T= for the dry inlet-manifoldtemperatureof 246.50F
is determinedfr~m equition(2).

ATg = 0.35

= 0.35

(Tm- 80)

(246.5- 80)

for

= 58.3°1?

The valueof Tg is then tieterminedby adding
manifoldtemperatureto the valueobtaineafrom

the correction
figure29.

Tg = 1118+ 58.3 = 1176.3°F

Becausea constantvalueof 0.22for the Z factorfor accumu-
latedenginerunningtime over 120 hoursis indicatedby figure30,
this constantvalueis used. The coolant-propertyparameter
~0.36/kpr0.33 is determinedfrom figure31 for the specifiedcoolant
and coolanttemperatureand is equalto 445.
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Substitutionof the valuesof the variousparametersinto
equation(1)

givesthe following

( ‘, - 243)[(-) (445, +’.22]= 2.,,-0.6’

U76.3 -

~ = 550.7°F

For thisvalueof the averagecylinder-headtemperature,the cor-
respondingvalueof the maximumcylinder-headtem~eraturebetweem
the exhaustvalvesis foundtobe 59S.5oF (fig.10).

A comparisonof the calculatedaveragecylinder-headtemper-
aturebetweenthe efiaustvalveswith that indicatedby primary
datamaybe made by referringto the variable-charge-flowdata of
figwre12 for whichall of the conditionsof the exampleexceptengine
runningtimeare duplicated.In thisfigure,an averagecylinder-
head temperatureof 505°F is indicatedfor a chargeflow of
2.50poundsper second. The correctionof thishead temperature
from the enginerunningthe of 26 hoursfor the runs to the engine
runningtime of the exampleis detemtied from figure 11 to be
370~c The corrections addedto the valuefromfigure12.

Th = 505 +

This valueof ~ obtained
90 F of the calculatedvalue.

37 = 542°F

from the primarydata is within

In determiningthe coolantheat rejectionbymans of eqaa-
tion (6),themanifoldtemperatureis 246.5°F, as previously
calculated.The initialvalueof Tg is determinedfrom fig.
ure 33 to be 74201?for a fuel-airratioof 0.085,an exhaust
pressureof 30.0 inchesof mercuryabsolute,anda dry inlet-
manifoldtapemture of 80° F. The correctionto Tg for the
dry inlet-manifoldtemperatureof 246.5°F is also the seneas
previouslycalculated,58.3°F.

.

.
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The valueof Tg is then determinedby addingthe correction
for manifoldtemperatureto the valuefrom figure33.

‘% = 742 + 58.3 = 800.3°F

The coolant-propertyparameter w0.21/k~r0.38 is determined
from figure34 for the specifiedcoolantand coolanttemperature
as equalto 1450.

Substitutionof the valuesof the variousparametersinto
equation(6)

0.49

givesthe

0.49

following

(
800.3’-240

H ) -(:;”:a“450)- 0032=2“50-0”’7
\-a~’- ,

H= 326 Btu/sec

A comparisonof this calculatedvalueof coolantheat rejec-
tionwith &t indicated.by primarydatamaybe made by referring
to the variable-charge-flowdata of figure20 for whichall con-
ditionsof the exampleare duplicated.In thisfigure,a valueof
324 Btu per secondfor the coolantheat rejectionis indicatedat
a chargeflow of 2.50poundsper second. This valueof H
obtainedfrom the yrimarydata is within1 percentof the calcu-
latedvalue.

SUMMARYOFRESULTS

The followingresultswere obtainedfrom an investigationof
the coolingcharacteristicsof a multicylinderliquid-cooledengine
of 1650-cubic-inchdisplacement:

1. For the rangeof conditionsinvestigated,both the cylinder-
head temperaturebetweenthe exhaustvalvesand the coolant heat
rejectionincreased:
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(a)Considerablywith chargeflow - The increasesamountedto
about25°F and 40 Btu per second,respectively,for an increasein
chargeflow of 0.5 poundper second.

(b)A smallamountwithmeasuredinlet-manifoldtemperature
(9° F and 20 Btu/see,respectively,for an increaseof 100°F in
inletmanifoldtemperature).

(c)Rapidlyas the fuel-airratiowas leanedto a valueof
about0.067and thendecreasedwithfurtherleaning- For a decrease
in fuel-airratiofrom 0.115to 0.067,the increasesamountedto
about70°F and 80 Btu per second,respectively.

(d)Slightlyas the Ignitiontimingwas increasedfrom about
36° to 520 B.T.C.(about10ol?and 12Btu/aec,respectively)-
Decreasingthe ignitiontiming from 36° to 2@ B.T.C.resultedin
negligiblechangein both the cylinder-headtemperatureand coolant
heatre$ectlcm.

(e)With exhaustpressure- The maximunincreasesoccurredat
an enginespeedof 3000ry and a fuel-airratioof 0.067and
amountedto about70°F and 90 Btu per second, respectively, for
an increase in exhaustpressurefrom 8 to 60 tnchesof mercury
absolute.

2. The cylinder-headtemperaturesincreasedand the coolant
heatrejectiondecreased:

(a)With an increasein the ethylene-glycolconcentrationof
the coolamt- For a changein the ethylene-glycolconcentrationof
the coolantfrom MO-percentwaterto 70-percentethyleneglycol
and 30-percentwater,the cylinder-headtempem.tureincreasedabout
33° F at a coolantflow of 250 gallonsper minuteand about470 F
at a coolantflow of 50 gallonsper minute,and the coolantheat
rejectiondecreasedabout11 Btu per secondfor all coolantflows.

(b)With a decreasein coolantflow for constantaverage
coolanttemperatureand nonboilingcoolantcon&Ltions- I?ora
decreasein coolantflowfrom 200 to 50 gallonsper minute,the
maximumincreasein the cylinder-headtemperatureoccurredfor the
coolantmixturecontainingthe greatestpercentageoi’ethylene
glycolused (70percent)and amountedto about25° F; the corre-
spondingdecreasein the coolantheat rejectionwas the same for
all coolantstestedand amountedto about10 Btu per second. For
constantcoolant-outlettemperatureand boilingcoolantconditions,
the changein cylinder-headtemperatureand coolanth88t rejection
with coolantflowwas negligible.
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(c)With an increasein the averagecoolanttemperature- For

) an increasein averagecoolanttemperatureof 100°F, the cylinder-
1 head temperatureincreasedabout600F and the coolantheat rejec-

tiondecreasedabout50 Btu per second.

3. A linearrelationexistedbetweenboth the averagetempera-
turesfor all the thermocouplelocationsand the maximumand average
teqeraturefor each location.

4. In general,the cylinder-headtemperatureincreasedslightly
with,coolant-outletpressure;the maximumincreaseamountedto
about15°F for an increasein coolantpressureof 20 poundsper
squareinch. No significantvariationof the coolantheat rejection
with co,olant-outletpressurecouldbe detected.

5. The temperaturesin the etiaustsideand centerof the
cylinderheadsincreasedabout45°F for an increasein engine
runningtimefrom 15 to 115 hours,probablyas a resultof a progres-
sive scalebuildupon the coolantpassagesin theseregions, No
significantvariationof the coolantheat rejectionwith engine
runningtime couldbe detected.

6. All the cylinder-head-temperaturedataand all of the
coolant-heat-rejectiondata,exceptthosefor whichboiling.ofthe
coolantwas most severe,were satisfactorilycorrelatedby means of
the NACA correlationmethod,whichis basedon the theoryof heat
transferby forcedconvection.Applicationof this correlation
permitsthe predictionof both the cylinder-headtemperaturesand
the coolantheat rejectionfor a wide rangeof operatingconditions.

LewisFlightPropulsionLaboratory,
NationalAdvisoryCommitteefor Aeronautics,

Cleveland,Ohio.July18, 1949.
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TASLE I - SUMMRY OF

Variable Engine

~h$

Ianifold
pressure
(in.Hg
zbaolute)

Charge

flow
(Lbfsec)

‘ue14ir

ratio

arburetor
lr temper
ature
(oF)

Engine
speed
(rpm)

35-55 0.0s5 60:hargeflow 1763-1378 3000 ..71-2.84

Enginespeed 1560-766 1800-320(

2400

31-44

384Q

1.43

1.W

0.080

1.059-0.11:
60

80?uel-airratio 1739-865

Iarburetor-alr I
1115

temperature
2700 45-55

36
36
37

2.23 0.021

0.080
.080
.080

-57 - 198

83
82
82

Ignitiontiming 650-726
739-607
777-676

2400
2700
3000

1.46
1.68
1.90

Exhaustpreeeure 616-7S9
802-877

2400
3000

2700

2700
2700
3000
3000
3000
3000
3200
2700
2700

2?00

3445
30-48

40

46
46
61
61
6e

::
36
34

46

1.50
2.04

1.063-0.09!
.063- .09[

82
W

1

Coolant.conditionsI 920 1.87

2.16
2.19
3●22
3.22
3-56
3.46
4.30
1.57
1.57

0.080

.07’7

.077

.093

.090

.090

.090

.092

.080

.CSo

83

80
80
60
el
‘S1
82
80
62
82

1086
1116
1530
1640
1700
1670
2000
780
745

O.oao mmEnginerunning time] 1100 2.20

%onstant coolant-outlettemperature.
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EXPERIMENTALCONDITIONS

Inlet-manifold Ignition Exhaust coolant Coolant Average coolent- Englne Engine
temperature tl.ml?lgpressure gylcol- rlow coolant outlet

(°F) (deg
running

(in. Hg water (gal/mln) t:nlll- Preeeure tine
WieasuredCalculated B.T.C.) absolute) (percent (lb$a:e;n. (hr)

by volmne) (%)

175 246 46 29 30-70 202 240 35 A 25.5-27.7

116-259 162-336 46 29 30-70 202 240 35 A 23.0-25.5

116-122 165-192 46 29 30-70 202 240 35 A 27.7-31.1

89-293 125-380 46 29 30-70 202 240 35 A 16.1-23.0

140 164 20-52 29 30-70 167 240 35 A 107.0 ---
142 190 20-52 29 30-70 167 240 35 A ---- ----
142 1S6 20-52 29 30-70 167 240 35 A --- 119.0

158 200 45 8-61 30-70 205 240 35 B 12.1-23.8
166 212 45 8-61 30-70 201 240 35 B 24.2-31.2

140 190 46 29 0-1oo, 51-253 240 35 A 92.5-100.5
30-70,
70-30

157 212 46 2s 30-70 50-200 a250 20,30,40 42.5-46.5
136 190 46 29 30-70 49-200 a275 26,35,45 : 57.6-61.2
170 243 29 30-70 49-200 a250
170

20,30,40 A 46.5-50.6
240 :: 29 30-7’0 51-205 a2’75 28,35,45 A 66.1-70.0

176 246 46 29 30-70 50-205 a250 20,30,40 A 50.6-54.3
173 245 45 29 30-70 76-202 a275
176 260

28,35,45
46 29 30-70 52-201

77.8-61.1
a250 20,30,40 ;

140 185 45
70.1-75.5

29 30-70 205 168-278 35 ‘ B 4.5-8.9
135 190 45 29 70-30 200 170-274 35 B 31.2-34.0
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absolute; charge flow, 2.20 pounds per second; fuel-air ratio, 0.080; measured inlet-manifold
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